We propose that Dirac cones can be engineered in phosphorene with fourfold-coordinated phosphorus atom. The key is to separate in energy the in-plane (s, p x and p y ) and out-of-plane (p z ) oribtals through the sp 2 configuration, yielding respective σ-and π-character Dirac cones, and then quench the latter. As a proof-of-principle study, we realize σ-character Dirac cone in hydrogenated/fluorinated phosphorene with the honeycomb lattice. The obtained Dirac cones are at K-points, slightly anisotropic, with Fermi velocities of 0.91/1.23 times that of graphene along ΓK/KM direction, and maintain a good linearity up to ∼2 eV for holes. One substantive advantage of σ-character Dirac cone is its convenience to tune the Dirac gap via in-plane strain. Our findings pave a new way for development of high performance electronic devices based on Dirac materials.
I. INTRODUCTION
During the last decade, graphene has attracted tremendous attention and research interests owing to its possible applications in carbon-based nanoelectronics.
1-3 Graphene has the π-character Dirac cone: π and π * bands, contributed by the carbon out-of-plane p z orbitals, intersect with each other at the K and K ′ points, respectively. The band structure is directly related to its honeycomb lattice symmetry, but unfortunately, the unique symmetry is usually disturbed or destroyed when graphene is coupled to the external world in device fabrication, e.g., bonding with the substrate. 4 On the other hand, opening a tunable bandgap in graphene is still a big challenge, which is essential for controlling the conductivity by electronic means in the semiconductor industry. Owing to the out-of-plane nature in graphene, the homogeneous strain behaves like the effective electronic scalar potential and only particularly designed strain distribution can gap the Dirac cone. [5] [6] [7] These raise an interesting question: whether there exists the σ-character Dirac cone spectrum, originated from the in-plane p x and p y orbitals. Such an in-plane nature will not only enrich the Dirac physics in fundamental science but also may open a new possibility for the gap engineering in Dirac materials via the in-plane strain for their technological applications.
Phosphorene is another stable two-dimensional elemental matter besides graphene but has an inherent bandgap. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Recently, monolayer phosphorene is exfoliated 10 , which also possesses a hexagon skeleton like graphene. Phosphorus has several stable allotropes with different bandgaps, among which black phosphorus is the most stable. Unlike graphene, phosphorene exfoliated from black phosphorus takes a puckered non-planar structure although it is composed of the basic hexagon as shown in Fig. 1(a) . Very recently, blue phosphorus, a new member of phosphorus family, has been proposed to share equal stability with the black one 15 , from which the phosphorene has the buckled honeycomb lattice in analogy to silicene 21 (See Fig. 1(b) ). For clarity, we will use blue phosphorene as a prototype to illustrate our concept of engineering Dirac cone spectrum in phosphorus and we expect that the same concept also works in any other phosphorus allotrope that possesses a sp 2 configuration.
In this paper, we perform a theoretical study of σ-character Dirac cone in a one-atom-thick phosphorene. We show that the (quasi-)planar honeycomb lattice can separate in energy the in-plane (s, p x and p y ) and out-of-plane (p z ) oribtals, resulting in the σ-and π-character Different shades of the atoms denote their different heights in the buckled structure. Note that monolayer black phosphorene has been exfoliated experimentally while the blue phosphorene was theoretically predicted to possess the same thermal stability as the black one.
Dirac cones, respectively. We then quench the π-character Dirac cone by out-of-plane saturation, leaving the σ-character Dirac cone behind. We take hydrogenated phosphorene as a model system to investigate the properties of the σ-character Dirac cone. Our obtained Dirac cones are at K-points, slightly anisotropic, with Fermi velocities of 0.91/1.23 times that of graphene along ΓK/KM direction, and maintain a good linearity up to ∼2 eV for holes. We demonstrate that a tunable bandgap can be engineered via the in-plane strain herein apart from the AB sublattice symmetry breaking. Finally, we discuss the possibility to incorporate the σ-character Dirac cone into the semiconductor industry through the fourfold-coordinated configuration, which also helps to overcome the instability of phosphorene when exposure to the air as well.
II. METHODS AND MODEL
The calculations were performed using density-functional theory (DFT) with the projec- Figure 2 plots the geometric and electronic structures of double-side hydrogenated monolayer blue phosphorene with different lattice parameters (a 1 =a 2 =a). We begin with a=3.3
III. RESULTS AND DISCUSSION
A due to the lattice parameter of 3.326Å for monolayer blue phosphorene 15 . Substantially different from the ∼2 eV bandgap of blue phosphorene, hydrogen-induced-metallization is found as reflected by Fig. 2(a) . Structurally, phosphorene maintains a remarkably buckled hexagonal skeleton. Hydrogenation leads to phosphorus dimerization and there appear two kinds of P-P bond length, 2.20 and 2.59Å. With increasing a, the system metallicity is gradually suppressed while the P-P dimerization becomes stronger and stronger. Until a=3.6Å, the system shows a semimetal feature (See Fig. 2(b) ).
When a=3.7Å, both the geometric and electronic structures change drastically as shown A, the system becomes a Dirac semimetal characterized by a K-point Dirac cone (note: the band crossing at the Γ point is 0.09 eV above the Fermi level), and all P-P bond lengths become equivalent along with the disruption of the dimerization. Further increasing a, the K-point Dirac cone remains, while the crossing at the Γ point shifts towards higher energy, e.g., it shifts to 0.56 eV when a=4.7Å. The trend holds until the hopping between nearneighboring phosphorus is weak enough, and then strong correlation effect dominates the properties. For example, the system with a=5.3Å does not have a Dirac cone any more.
Apparently, the lattice parameter increases as high as 33% from a=3.3Å to a=4.4Å, however, the P-P bond length just elongates from 2.27Å of pristine blue phosphorene to 2.54Å in our hydrogenated phosphorene (a=4.4Å), corresponding to a stretch of 12%. This is originated from the simultaneous release of the out-of-plane buckling. As we show below, the Dirac cone can be obtained even when the P-P bond is only elongated by 4.4%. Hence, it is not the strain but the structural phase transition from non-planar to planar that plays a key role in the presence of exotic Dirac cone spectrum.
Following we take a=4.4Å case as an example to discuss the properties of the Dirac cone. Figure 3(a) shows the three-dimensional band structure around the Dirac point. The valley symmetry as in graphene is observed: two Dirac cones locate at the K and K ′ points, respectively. Thus, a series of interesting valley-related phenomena might be realized in this system. Unlike in graphene, the energy spectrum is no longer electron-hole symmetric, and therefore neither the scattering mechanism nor transport properties would be identical for the electron and hole doping situations. The linear dispersion holds up to ∼2 eV for holes, while the massless electrons acquire mass rapidly away from the K-point. This implies that such a system is more promising to make unipolar (p-type) field effect devices rather than ambipolar ones with graphene. On the other hand, the linear dispersion region of electron can be widened by increasing a, e.g., it achieves 0.5 eV when a=4.7Å, the same as in Phosphorous atom has an intrinsically larger spin-orbit interaction than carbon atom.
This would lead to many intriguing quantum phenomena in phosphorene, such as quantum spin Hall effect 26 , besides the massless Dirac-fermion as in graphene. As shown below, the inversion symmetry is not necessary for the presence of Dirac cone any more and thus it is a natural candidate material for applications in valleytronics 27 , and, with applied perpendicular electric field, quantum valley Hall effect as well 28 . Moreover, phosphorus is necessarily fourfold-coordinated herein, which provides us with a new freedom for property modulation and device fabrication.
Next we turn to study the physical origin of the unique Dirac cone. hints are found. First, the Dirac cone dominantly arises from the phosphorus p x , p y and s orbitals rather than the p z orbitals as in graphene, clearly reflected by the LDOS within 2 eV below the Fermi energy. Generally, p x , p y and s orbitals form the in-plane σ bonds, indicating an in-plane nature of the Dirac cone. The in-plane nature is further confirmed by the decomposed charge density for the states within 1 eV below the Fermi energy, as shown in Fig. 3(c) . Second, strong hybridization between P p z and H states is observed in the energy region ≤ −4 eV, indicating the passivation of p z states by H. Third, owing to the in-plane nature, the Dirac cone, not only the bandgap at the Dirac point but also the band shape, should be sensitive to the in-plane strain.
We further calculate the electronic structure (See Fig. 3(d) ) for the configuration as the inset of Fig. 2 forming their own Dirac cones with σ and π characters. Hydrogenation with the delocalized π orbitals quenches the π-character Dirac cone, leaving the σ Dirac cone intact. As well, the two more electrons contributed by H raise the Fermi energy to the Dirac point. In a word, among the five valence electrons of phosphorus, three forms the in-plane σ bonds and the one from p z is localized by saturation, leaving the residual one on the σ * levels and forming an in-plane nature Dirac cone. These are summarized in Fig. 4(a) as the energetic scheme of the hydrogenated phosphorene.
The next question is: why and how the σ-character Dirac cone forms, and also at K-point.
It is well known to us that the π-character Dirac cone is originated from the hopping between p z orbitals on a honeycomb lattice (See Fig. 4(b) ), which can be obtained by directly solving a 2 × 2 spinless matrix. Whereas for the σ-character Dirac cone, it represents the electron hopping among the three σ * bonds as illustrated in Fig. 4(a) , and the effective Hamiltonian has to be described by a 3 × 3 spinless matrix. If the P-P bond centers are viewed as lattice sites, it can be seen that a kagome lattice is formed as shown in Fig. 4 
